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Since the publication of the European Noise Directive in 2002, many European cities are required to quantify environmental noise
levels and manage them. This requires measurement and noise mapping. The majority of local authorities conduct short term noise sur-
veys and extrapolate the measurements to characterise long term noise levels. There is considerable support in the research literature for
this approach. In this paper we examine the validity of this approach based on an analysis of a year-long data set from a permanent noise
monitoring network located in the city of Dublin, Ireland. Analysis of variance (ANOVA) on more than 1.02 million LAeq measure-
ments at ﬁve temporal levels – month, week, day and hour – are presented. The results demonstrate a large degree of statistically sig-
niﬁcant diﬀerence between periods, at all of the temporal scales examined, suggesting that caution needs to be taken when assuming
that noise measurements taken over very short time periods can statistically capture or represent noise levels over longer periods.
Our conclusion is that long term noise monitoring is necessary to accurately characterise long term indicators.
 2016 The Gulf Organisation for Research and Development. Production and hosting by Elsevier B.V. All rights reserved.
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Measurement and modelling of noise in urban environ-
ments has been the subject of extensive research given the
deﬁnition of noise as an environmental pollutant, the
annoyance levels associated with high levels of noise and
mounting evidence that sustained exposure to high noise
levels is a health hazard (Ising and Kruppa, 2005;
Stansfeld and Matheson, 2003; WHO, 2011). In 2002, thehttp://dx.doi.org/10.1016/j.ijsbe.2016.01.002
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Peer review under responsibility of The Gulf Organisation for Research
and Development.European Union (EU) issued Directive 2002/49/EC (EU,
2002) relating to the assessment and management of envi-
ronmental noise pollution. The objectives of the directive
were to put in place a European-wide system for identifying
sources, and levels, of environmental noise pollution and to
inform and educate the public. The directive places the
onus on local authorities to monitor noise levels and to
take the necessary steps to reduce excessive levels and to
preserve low noise environments. There is evidence to sug-
gest that this expectation has been realised to some degree
at least – an example is the designation of eight Urban
Quiet Areas in the city of Dublin, Ireland in (Irish
Government Press Service, 2013).
Until relatively recently, local authorities and academic
researchers have largely depended upon short duration,duction and hosting by Elsevier B.V. All rights reserved.
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maps to assist in fulﬁlling their obligations under the direc-
tive. Whilst the prediction of noise and short duration ‘on
the spot’ measurements is useful, a dense network of per-
manent noise monitoring stations recording levels all year
round may well be a better solution (Chopard et al., 2007).
The high costs of installing and maintaining permanent
networks are often cited by authorities as the main reason
for not implementing permanent measurement networks.
However, there are some notable examples of cities which
have installed extensive networks. They include Gdansk
in Poland (Czyzewski et al., 2012), Lille in France
(Chopard et al., 2007), Pisa, Italy and Dublin in Ireland
(Dublin City Council, 2013). The combination of long term
measurements as well as predictions is a more robust way
for authorities charged with noise monitoring and mitiga-
tion responsibilities to proceed given the variations in noise
levels, both spatially and temporally, that can be observed
in urban environments.
The work presented here uses a year-long data set
acquired by a noise measurement network owned and
maintained by Dublin City Council (DCC). DCC is
responsible for noise monitoring and amelioration in the
city and for provision of information on noise levels to
the public. Continuous monitoring allows the council to
make reliable comparisons with strategic noise maps,
account for weather eﬀects and seasonal changes in traﬃc
volumes – variables which noise mapping does not handle
well. The extent of data collection to date also makes it
possible to test hypotheses proposed by other researchers
on a comprehensive data set.
In 1982, Utley published a critical review of the existing
practice of temporal sampling techniques (Utley, 1982). He
concluded that whilst sampling techniques provide savings
in manpower and equipment, the techniques were inade-
quate to determine the accuracy except in a number of
speciﬁc situations. He also pointed out that continuous
monitoring was impractical due to the resource require-
ment; however, in the intervening thirty years, the technol-
ogy has improved dramatically and the cost has been
reduced. Nevertheless, most of the noise surveys conducted
in the intervening period have relied on sampling tech-
niques and the reliability of the techniques has been closely
scrutinised (Gaja et al., 2003).
Examples of large scale noise surveys include that con-
ducted by Zuo et al. (2014). In this study of temporal
and spatial variability of environmental noise, 554 loca-
tions were sampled and 30 min LAeq at each location
recorded. The sampling was conducted between 10 am
and 5 pm with, as the authors note, the main rush hour
periods omitted. They concluded that variability in envi-
ronmental noise in Toronto was primarily spatial. Other
noise studies relying on sampling include the work of
Brambilla et al. (2013) on soundscapes, where 5 min sam-
ples were used and the study of urban noise in 5 Spanish
towns by Morillas et al. (2005) used 15 min sampling peri-
ods. Similar sampling periods were used by Brocolini et al.(2013) to conclude that durations of 10 and 20 min are
enough to discriminate the three or four distinct periods
of the 24 h of the day.
The main thrust of the published research is that noise
statistics obtained by sampling are reliable indicators of
the noise environment in the longer term, or put slightly
diﬀerently, temporal variability is not a prominent feature
of the noise environment. The work presented here
explores this hypothesis by examining the extent of varia-
tion in LAeq over a year (2013) at diﬀerent temporal scales
from the level of monthly comparisons down to ‘within
hour’ comparisons. The database used here is 5 min LAeq
measurements at 10 sites. Three hypotheses, in particular,
are explored:
(1) Variability in LAeq is such that seasonal variation
throughout the year can be determined by week long
measurement periods,
(2) noise levels are similar during certain months or
weeks of the year e.g. during summer months or
school term months, and
(3) measurements of 10, 20, or 30 min duration are suﬃ-




Starting in 2008 the Dublin City Council began to install
permanent environmental noise monitors on a pilot basis.
The other three local authorities in Dublin have followed
suit. In total there are 28 permanent noise monitoring sta-
tions in the city at this point in time and the network is
being expanded annually.
The environmental noise monitoring unit used in Dublin
is the Sonitus Systems EM2010 (Sonitus Systems, 2014).
This is a ruggedized unit designed for long term outdoor
deployments. It records noise statistics on a 24/7 basis and
near real time data are reported to a central server and the
data made available to the public by the relevant councils
(Dublin City Council, 2013). The EM2010 is compliant with
the IEC61672 (IEC, 2013) standard for Class 2 Sound Level
Meters and has been certiﬁed by the National Standards
Authority of Ireland (NSAI). In the Dublin deployments
the following A-weighted and C-weighted statistics are
recorded: LEQ, L05, L10, L50, L90, and L95. The EM2010
has a dynamic range of 33 dBA–121 dBA. The integration
period for LAeq calculations in this work is 5 min.
Ten of the Dublin sites have been chosen for the analysis
presented here. The units have proved extremely reliable
and have achieved in excess of 95% of the potential 105,
210 ﬁve minute readings over a year. The worst case cover-
age is at 94% of optimum whilst the best case coverage is at
almost 99%. The brief outages have been attributed to
interruptions in the power supply and periods when the
Table 1
Coverage achieved by the noise monitors in 2013.
Site number % 24 h data % Day time data (07:00–22:59) % Night time data (23:00–06:59)
Site 1 98.8 99.1 98.3
Site 2 98.4 98.8 97.6
Site 3 97.4 97.6 97.0
Site 4 95.8 96.1 95.3
Site 5 98.5 98.8 97.9
Site 6 97.7 97.9 97.3
Site 7 96.4 96.8 95.4
Site 8 93.9 94.2 93.3
Site 9 98.8 99.1 98.3
Site 10 96.7 97.0 96.1
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checks using an acoustic calibrator. When a unit must be
returned to the laboratory it is replaced with an identical
unit to ensure continuity of coverage. The percentage cov-
erages for each unit are presented in Table 1 below.
The primary considerations in choosing the sites were:
(a) location of public amenities such as libraries,
(b) the presence of a potential noise ‘hot spot’ indicated
by a strategic noise map,
(c) representative locations for major noise sources and
(d) an area designated as an Urban Quiet Area.
The sites were selected by Dublin City Council so that, in
so far as is possible, no single dominant sound source
(assumed, not measured), such as major roads, road junc-
tions, industrial sources etc., would strongly inﬂuence the
outdoor ambient sound levels being measured. The sites
and the rationale for choosing themare summarised inTable2
and a map of their locations is presented in Fig. 1 (the data
from the numbered sites are those included for this paper).
2.2. Analysis
Data from the ten locations were analysed on a location
by location basis using Analysis of Variance (ANOVA)
and post hoc test results on 5 min LAeq measurements
taken over a year. The statistical diﬀerence in the means
for time periods at four temporal levels – (1) month, (2)
week, (3) day and (4) hour – was analysed and, if consid-
ered to be statistically signiﬁcant, post hoc results were
used to identify where the diﬀerences lay. In most cases,
homogeneity of variance was not evident and in those cases
the Games Howell post hoc test was used. In the cases
where homogeneity of variance was present, the Tukey
post hoc test was used.
3. Results
3.1. Variation between months
The ﬁrst analysis was to examine the extent of variability
in monthly LAeq means. For each site the mean LAeq level
for a month was compared with that of each of the othermonths of the year. To identify between which months sig-
niﬁcant diﬀerences in means exist, the results of the
ANOVA post hoc tests are presented in Fig. 2. The statis-
tical output from the post hoc tests is very large in volume.
To present the post hoc test results in a concise manner
therefore, a matrix of the monthly comparisons is pre-
sented for each site where a shaded cell indicates a signiﬁ-
cant diﬀerence (<0.05) identiﬁed by post hoc tests between
those months and a blank cell indicates there was no signif-
icant diﬀerence (>0.05). The diagonal cells in each matrix
are lightly shaded to indicate a diﬀerence between them
and the other cells.
The ﬁrst point to note from Fig. 2 is that there is a high
degree of variability between months at all sites. This ﬁnd-
ing may have implications for the use of a yearly average
recommended for measurement of LDEN and LNIGHT by
the EU directive (EU, 2002). When looking at the compar-
ison of the mean noise level for months January–June with
each other, many of the sites are displaying a high level of
signiﬁcant diﬀerence between months (shown by the large
number of shaded cells), with the exception of sites 4, 9
and 10 which show a large number of blank cells for these
comparisons indicating lack of signiﬁcant diﬀerence. The
latter three sites were examined to see if there was a site
speciﬁc common denominator linking them but sites 4
and 9 are close to main roads and site 10 is a quiet site.
When comparing the noise levels in months January–June
with those of July–December, sites 1–9 are showing high
levels of signiﬁcant diﬀerence.
Fig. 3 shows boxplots using median and quartile results
for monthly measurements at the ten sites. Generally, the
interquartile range is relatively small for all sites and most
are showing an asymmetrical distribution towards the
higher values. A seasonal trend with reduced levels of noise
during summer months seems evident at all sites indicating
the reﬂection of human activity in noise levels.
It can be seen that the range of results shown in Fig. 3
maps reasonably well to the characteristics of the site loca-
tions. The sites closest to busy road arteries (site 3 and site
9), as expected, have the highest noise levels with not a
great deal of spread in the results each month, indicating
the dominance of the busy road in each case in terms of
contributing to noise levels at those sites. Site 10, desig-
nated as an Urban Quiet Area, on average, has the lowest
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month, particularly towards the higher end, indicating that
the site can be exposed to high levels at times. Another
quiet site, site 6, shows noise levels on average similar to
site 10 but the spread is much lower indicating a more con-
sistently quiet environment. Site 8 is close to a large sta-
dium and it too shows on average reasonably low levels
with a wide spread to the higher levels indicating periods
when noise levels are high. In general, the results provide
a reasonably consistent noise proﬁle relative to what might
be expected on the basis of the characteristics of the sites.3.2. Variation between weeks
The next temporal level examined was the diﬀerence
between the mean LAeq between weeks. As SPSS limits
group testing within ANOVA to a maximum of ﬁfty, the
year was divided into two – weeks 1–26 and weeks 27–52
– for this analysis, where week 1 is the ﬁrst week in January
and so on. ANOVA post hoc tests were then completed to
identify which of the comparisons between weeks exhibited
statistically signiﬁcant diﬀerences. The results are sum-
marised in Figs. 4 and 5.
Looking in more detail at the results in Figs. 4 and 5, the
predominant condition is a statistically signiﬁcant diﬀer-
ence between the mean LAeq for week comparisons, except
in the case of site 10. There appear to be distinct batches of
cells in the matrices for most sites where statistically signif-
icant diﬀerence prevails. In Fig. 4, it can be seen that for
some of the sites, weeks 20–26 (middle of May until late
June) compared with weeks 1–10 (February and March)
have high instances of diﬀerence. In Fig. 5, there also seems
to be sustained diﬀerence, particularly when comparing
weeks 39–52 (mid-September to the end of December) with
weeks 27–40 (July, August and part of September), reﬂect-
ing the diﬀerent human activity levels in the summer peri-
ods compared with autumn/winter activity. Almost all
sites show more similarity when comparing weeks which
are within either the winter or summer periods. This result
would have been expected but the extent of similarity
within those periods was lower than expected. Sites 8, 9
and 10 show the highest levels of similarity, particularly site
10. In summary, when comparing the noise levels between
weeks at most of the sites, the most common ﬁnding is thatTable 2
The rationale behind sound measurement site selection.
Site Rationale for c
1: Drumcondra Library – oppo
2: Ballyfermot Close to a busy
3: Ballymun Library, next t
4: Dublin City Council Rowing Club Recreational a
5: Walkinstown Close to busy r
6: Woodstock Gardens Retirement vill
7: Navan Rd Next to Nation
8: Irishtown Stadium Recreational sp
9: Chancery Pk Adjacent to th
10: Blessington St Basin Designated anthey are signiﬁcantly diﬀerent at this temporal level but
some sites would appear to show similarities within winter
and summer periods reﬂecting seasonal changes in human
activity patterns.3.3. Variation between days
The next temporal level to be examined was between
days. All data over the year for each day of the week was
used to perform the analysis for that day at each site. Each
day was then compared with the other days of the week.
ANOVA post hoc tests were completed to see which
comparisons between days showed statistically signiﬁcant
diﬀerence and the results are presented in Fig. 6.
In terms of hypothesising what the outcome might be
for the comparisons of mean LAeq between days, the
expected outcome was that there would be noticeable sim-
ilarity between weekdays and similarly between weekend
days. As one can see from Fig. 6, none of the sites showed
a fully distinctive pattern of this nature. Most sites showed
some similarity between 2 or 3 days of the week but statis-
tically signiﬁcant diﬀerence between weekdays was also evi-
dent, except in the case of sites 8 and 10 which showed the
most similarity between weekdays and weekends. One
explanation for this exception is that site 8 is near Dublin
port and would therefore experience port related traﬃc
throughout the seven days of the week. Site 10 is a quiet
site and again there is a high level of similarity between
days. Some sites, for example, site 2 showed similarity
between some weekdays and weekend days. In summary,
an unexpected ﬁnding from this set of results suggests that
the outcome of research experiments using the assumption
that all weekdays at the same site exhibit similar mean
noise levels could be statistically erroneous. This has impli-
cations for noise measurement sampling and would point
to the necessity for researchers to measure noise levels over
an entire week if correct categorisation of the weekly noise
levels at a particular site is required for their research.3.4. Variation between hours
The fourth temporal level to be examined was between
hours of the day. For each site, the year’s data for each
hour of the day were used in the analysis with 00:00–hoosing site
site public park (Griﬃth) and close to a national route (N1)
route into the city with a high volume of slower moving traﬃc
o a school and recreational ground, close to a busy artery
rea of natural beauty, adjacent to National Park and close to busy artery
oute in residential area
age in highly residential area, with high volumes of slow traﬃc
al Park on busy national route into city (N3)
orts ground close to busy freight route (port traﬃc)
e Luas (Tram) Line and close to busy artery
‘Urban Quiet Area’, one of 8 in Dublin in 2013
Figure 1. Map of locations where LAeq measurements were recorded.
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of presentation in the Figures. ANOVA post hoc result
outcomes are presented in Fig. 7.
In that ﬁgure, one can observe, as might be expected,
that there is a period of the day for most sites when com-
paring the mean LAeq level for each hour within that per-
iod is more likely to show similarity. This period is
typically from 08:00 to 19:00. Sites 8 and 10 show a high
degree of similarity between hours at other times of the
day and some sites show similarity between the hours
01:00 and 7:00. As might be expected, comparisons
between day and night hours typically show signiﬁcant
diﬀerences.
4. Discussion
The results of the work presented here showed higher
levels of variation between the mean LAeq levels in mostof the temporal scales examined. At the level of compar-
ison between months, although there was some evidence
of similarity at some of the sites between pairs of months
in the same season, an obvious divide between the seasons
across the sites was less obvious except perhaps in a few
cases. The major ﬁnding was that the mean diﬀerence in
LAeq between months is statistically signiﬁcantly diﬀerent
in the majority of cases. This raises some questions about
the potential error which could be introduced if basing
an LDEN and LNIGHT calculation using e.g. one week, of
measured data. Again, whilst there is some evidence of sim-
ilarity over some periods (particularly in the summer
months), the more common result is for statistically signif-
icant diﬀerence to prevail between most weeks. This ﬁnding
supports the conclusions of Brambilla et al. (2007) that
monitoring over non-consecutive days is preferable if prac-
ticalities limit the number of days to be monitored but the
results presented here also suggest that the days selected for
Figure 2. Post hoc statistical signiﬁcance indication for ‘between month’ comparisons of LAeq.
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tial seasonal variations. The results also support the ﬁnd-
ings of Morillas et al. (2005) who found that
measurements of either 9 days or 30–35 days spreadrandomly throughout the year was needed depending on
the conﬁdence interval required in estimating LDEN.
Another ﬁnding was the limited evidence of similarity










































































































Figure 3. Boxplots of LAeq measurements per month at each site.
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larity between some days but nothing suggestive of a dis-
tinctive weekly cycle matching typical human levels of
activity that could, for example, demonstrably show the
diﬀerence between weekdays and days at weekends. In fact,
some weekdays and weekend days showed more similarity
than weekdays in the same week at some sites. It is sug-
gested therefore that care be taken in assuming that one
day’s measurements are representative of a typical week
or that noise levels over a week match closely with expected
human activity levels. Whilst there did appear to besimilarity between hourly average noise measurements for
long periods during the day, there was also evidence of sig-
niﬁcant diﬀerence between hours. Jagniatinskis and Fiks
(2014) also found seasonal variation in hourly levels. The
ﬁndings here support the recommendations of
Jagniatinskis and Fiks (2014) and Brambilla et al. (2007)
that sampling periods which include a number of whole
days is preferable.
Mateus et al. (2015) concluded that to reduce the inﬂu-
ence of the sampling strategy on the overall uncertainty of
the LAeq, it is much more worthwhile to increase the num-
Figure 4. Post hoc statistical signiﬁcance indication for between week comparisons of LAeq for weeks 1–26.
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Figure 5. Post hoc statistical signiﬁcance indication for between week comparisons of LAeq for weeks 27–52.
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Figure 6. Post hoc statistical signiﬁcance indication for between day comparisons of LAeq.
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sodes where the length of episodes in their work ranged
between 5 and 60 min. Given the high levels of signiﬁcant
diﬀerence at all of the diﬀerent temporal scales presented
here, the results presented in this work would support the
idea of increasing the number of samples but also monitor-
ing for whole-day periods. Romeu et al. (2006) advised
against choosing an average value for each street from a
set of results. The variability in the results between sites
at the diﬀerent temporal levels presented supports this
recommendation.Another ﬁnding from the work presented here is the
variation between locations and the diﬃculty this poses
in terms of recommending a generic measurement strategy
for all sites. Zuo et al. (2014) found that the variability of
traﬃc-related noise was primarily spatial in nature. Whilst
the results presented here agree that spatial aspects of a site
inﬂuence variability, the work presented here was better
able to assess the variability at diﬀerent temporal levels;
concluding that temporal aspects also play a role but their
characterisation in a uniform way across diﬀerent sites is
not easily determined. In particular, whilst some sites
Figure 7. Post hoc statistical signiﬁcance indication for between hour comparisons of LAeq.
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the day, the time periods were not the same at each site
and, in some cases, similarity in noise levels was not onlyevident for periods of the day but for most of the entire
day. This demonstrates the need for ﬂexibility in terms of
applying resources to measurement strategies e.g. if sites
D. Geraghty, M. O’Mahony / International Journal of Sustainable Built Environment 5 (2016) 34–45 45are not close to known noise sources e.g. major streets or
public transport lines, a shorter measurement period will
suﬃce for their proﬁle characterisation.
A particular strength of this work is that the noise mea-
surement data for a full year was used in the analysis and
comparisons could be made across ten sites, of varying nat-
ure. The work does not rely on modelling noise levels with
prediction methods but is based on direct measurements
carried out in an intensive measurement programme, the
direct outputs of which are freely available to the public
via an interactive website. The direct approach of using
measurements helped to reduce errors associated with pre-
diction modelling and was able to uncover the high vari-
ability both temporally and spatially which would not
have been possible otherwise.
5. Conclusions
Initially this work set out to conﬁrm that the use of
short measurement periods would be suﬃcient for most
research purposes by hypothesising that similarity rather
than diﬀerence between mean LAeq levels at diﬀerent tem-
poral levels was more likely than not over some periods.
However, whilst the results did show some evidence of sim-
ilarity, the more common outcome was for statistically sig-
niﬁcant diﬀerence to be evident in the mean LAeq results
between diﬀerent time periods at diﬀerent temporal levels.
The ﬁndings suggest that caution needs to be taken in the
design of measurement experiments or in research that
involves decisions to limit measurements to very short
periods.
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